Naphthalene-induced cataract has been extensively used to test potential anticataract drugs. Because the morphology as well as the toxic manifestations of naphthalene-induced cataract are reported to be similar to that of age-related cataract, naphthalene cataractogenesis in rats has been used as a valuable animal model to study the aetiology of age-related cataract in humans. This study aimed to determine whether the molecular chaperone activity of the a-crystallins was altered in naphthalene-induced cataract, and to clarify the possible mechanism for these changes. The data showed that the chaperone activity of the a-crystallins decreased in naphthalene-induced cataract. By mass spectrometry, Cterminal truncation of 16 amino acids and other post-translational modifications such as acetylation, phosphorylation, oxidation and carbamylation of the acrystallins were detected. Furthermore, the results suggested that, at the proteomics level, naphthalene-induced cataract is a valuable animal model for the study of age-related cataract in humans.
Introduction
Age-related cataracts are the leading cause of visual impairment worldwide. 1 At present, surgery is the major therapy for cataracts and, because of the demographic characteristics of cataract development, it has been estimated that delaying cataract development by 10 years would decrease the need for cataract surgery by approximately 45%. 2 The precise mechanism of age-related cataract has not been fully elucidated.
Lens crystallins play a crucial role in maintaining clarification of the lens and its refractive properties. 3 As a major structural protein component, α-crystallins represent 35% of all crystallins. 3 α-Crystallins can also act as molecular chaperones to protect other crystallins against thermal-induced Y Chen, L Yi, GQ Yan et al. Lens a-crystallins and chaperone activity inactivation or aggregation, and this activity is thought to play an important role in maintaining lens transparency. 4, 5 Because of their abundance in the lens and their functional significance as molecular chaperones, α-crystallins have been singled out for extensive characterization of their post-translational modifications (PTMs). The PTMs of α-crystallins may decrease their chaperone activity to varying extents, resulting in increased aggregation of other crystallins and cataract formation. 5 The correlation between PTMs and the chaperone activity of α-crystallins is still being investigated. With the development of the powerful proteomic technique of mass spectrometry (MS), it has recently become possible to perform a comprehensive analysis of the PTMs of these proteins.
The aim of the present study was to investigate the correlation between the chaperone activity of α-crystallins and their PTMs in cataract formation. Naphthaleneinduced cataract in rats was used as a model for investigating the oxidative damage that is linked to human age-related cataract. Naphthalene cataractogenesis in rats is a valuable animal model to study the aetiology of senile cataractogenesis in humans because the morphology of naphthalene cataractogenesis is reported to be similar to some kinds of age-related cataract, 6 and the toxic manifestation of naphthalene is thought to be due to oxidative stress, which is also analogous to age-related cataract. 7, 8 The major biochemical findings accompanying the development of naphthalene-induced cataract include increased reactive oxygen species, 7 depletion of glutathione, 9 alteration of epithelial metabolism, 7 phase transition, 8 and cytoskeletal loss. 10 The present study was designed to investigate whether the molecular chaperone activity of lens αcrystallins in rats with naphthalene-induced cataracts was altered compared with controltreated rats, and whether any particular PTMs were associated with any of the observed changes.
Materials and methods

ANIMALS AND INDUCTION OF CATARACTS
Thirty 6-week old female Sprague-Dawley rats (mean weight 150 g) were purchased from the Chinese Scientific Academy (Shanghai, China). Rats were maintained at the Laboratory Animal Centre of Shanghai Medical University (Shanghai, China). All procedures were carried out in accordance with Chinese legislation on the use and care of laboratory animals and the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research, 11 and were approved by the Ethical Committee for Animal Experiments of the Eye and ENT Hospital of Fudan University, Shanghai, China. The rats were housed in hanging steel wire cages with free access to natural diet and tap water and kept on a fixed length light/dark cycle.
The rats were weighed and randomly assigned to two groups, the control group and the naphthalene group, with 15 animals in each group. For the induction of cataracts, naphthalene solution (10%) was prepared in warm paraffin oil by heating at 60°C for 30 min. This naphthalene solution was administered orally every day to rats in the naphthalene group using an 18-gauge needle (1 g/kg body weight per day). 7 The control group received the same daily volume of paraffin oil alone. Both groups were kept on a natural diet. Treatment was continued for 9 weeks.
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LENS OPACITY ANALYTICAL PROCEDURES
Rat lenses were examined every week using a slit-lamp microscope after pupillary dilation with tropicamide-phenylephrine ophthalmic solution (Santen Pharmaceutical Co. Ltd, Suzhou, China). To photograph the lens, the rats' eyes were kept facing straight ahead against the object lens of a slit-lamp in a dark room. The slit-light was 2 mm wide with a 45°slope and focused on the quarter boundary of the lens. The light power of the slit-lamp was measured using a luminometer to ensure that it was the same every time. Pictures of lenses were taken at 10× amplification using a Canon 50D camera (Canon, Tokyo, Japan) and densities were analysed using Lens Opacity Analysis Software, version 1.0 (YiDe Medical Instrument Co. Ltd, Shanghai, China). The nuclear and perinuclear areas were selected with the same size and position, and the opacity of the selected area was measured according to the software instructions. Lens opacity was evaluated by comparison with the opacity of the aqueous humour which was set as the zero reference point. 12
PURIFICATION OF a-CRYSTALLINS
After 9 weeks of treatment, lenses from 10 rats in each group were obtained by excision from a posterior approach immediately after death and the lens weight was recorded. Each whole lens was homogenized at a ratio of 1 mg of lens wet weight/9 µl buffer I containing 0.05 M phosphate (pH 7.0), 0.15 M sodium chloride, 1 mM ethylenediaminetetra-acetic acid and 0.02% sodium azide (The 4th Reagent Factory of Shanghai, Shanghai, China) at 4°C. 13, 14 The homogenate was centrifuged at 15 000 g for 15 min to remove water-insoluble material, then 1.5 ml of the supernatant was applied to a Shodex ® Protein KW-803 column (Showa Denko, Tokyo, Japan) and eluted with 0.9% sodium chloride buffer, pH 7.0 at a flow rate of 0.5 ml/min. The elution was monitored at 280 nm using highperformance liquid chromatography (HPLC; LC-2010A, Shimadzu, Kyoto, Japan), and the peak fractions were collected for further use. At the same time, 30 lenses from 15-day old rats were also purified using this method to obtain βL-crystallin. 13
ELECTROPHORESIS AND IN-GEL DIGESTION
α-Crystallins from three lenses each from the control and naphthalene groups were used to perform two-dimensional electrophoresis (2-DE) maps. To identify βL-crystallin by its molecular weight, one-dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of lens proteins was performed on 0.75 mm thick 12% polyacrylamide gels with protein standards of known molecular weight. For sample preparation, 2-DE using a non-equilibrium pH gradient (3 -10) in the first dimension and 12% SDS-PAGE in the second dimension was conducted as described previously. 15, 16 Gels were stained with silver, scanned using an ImageScanner (GE Healthcare Biosciences, Piscataway, NJ, USA), and analysed with ImageMaster™ 2D software, version 5.0 (GE Healthcare Biosciences). An expression intensity ratio > 2.0 (P ≤ 0.05) or < 0.5 (P ≤ 0.05) was set as the threshold that indicated a significant change. 15 After the 2-DE gel was washed twice with water, selected spots were de-stained and digested overnight with trypsin, and the peptide extracts were dried under nitrogen gas. 15, 16 
IDENTIFICATION OF PROTEIN SPOTS USING MALDI-TOF-MS
The digested proteins were desalted using Y Chen, L Yi, GQ Yan et al.
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ZipTip ® pipette tips (Millipore, Billerica, MA, USA) prior to matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOF-MS) analysis, as described previously. 15 Before sample identification, the MS instrument was calibrated in external calibration mode using tryptic peptides of myoglobin. All tryptic digests were analysed on a 4700 Proteomics Analyser (Applied Biosystems, Foster City, CA, USA). For the α-crystallins sample, an MS/MS method (3800 laser shots per analysis, laser power set to 30% above the threshold for ion formation) was used, and only peaks with signal-to-noise ratios > 20 were selected from the peptide mass fingerprinting spectrum. The search engine GPS Explorer™ software (Applied Biosystems) with Mascot and the SwissProt database, version 050303 (Swiss Institute of Bioinformatics, Lausanne, Switzerland) were used for protein identification. The peptide mass tolerance was set to 100 ppm and the tandem mass tolerance was set to 0.8 Da. 15, 16 The variable PTMs identified were acetylation (K, lysine), phosphorylation (Ser, serine; Thr, threonine), oxidation (M, methylation), carbamylation (K, lysine) and truncation.
ASSAY FOR CHAPERONE ACTIVITY
α-Crystallins from six lenses in each group were used to examine chaperone activity. Heat-induced aggregation of L-crystallin (200 µg/ml) separated from 15-day old rats at 64°C was measured by the increase in light scattering at 340 nm in a spectrophotometer (Beckman DU ® 800 UV/Visible Spectrophotometer; Beckman Coulter, Fullerton, CA, USA). To test the chaperone effects, 50 µg/ml of α-crystallins were added to the L-crystallin prior to heatinduced aggregation (5 min at 37°C), as described previously. 14 
STATISTICAL ANALYSIS
Results are expressed as the mean ± SE. All analyses were carried out using the SPSS ® statistical package, version 11.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . Statistical comparisons were conducted with one-way analysis of variance multiple-comparisons followed by the least square difference method. A P-value < 0.05 was considered to be statistically significant, and a P-value < 0.01 was considered to be highly statistically significant.
Results
CATARACT IMAGES AND OPACITY
In the naphthalene-treated group (n = 15), 10 rats showed sub-capsular cataracts after 2 weeks of treatment, 13 rats showed initial signs of cataract after 3 weeks and perinuclear cataracts formed after 6 weeks in all rats. In the control group (n = 15), there was no obvious cataract formation after 9 weeks of control treatment. The development of nuclear opacity progressed slowly in the two groups, and the difference in nuclear opacity between the two groups as visually judged did not seem to differ (Fig. 1A ). When measured quantitatively, however, the perinuclear opacity in the naphthalenetreated group (mean ± SE, 95.6 ± 3.85 at 9 weeks) was significantly higher than that of the control group (mean ± SE, 26.6 ± 3.79 at 9 weeks) from 3 weeks after treatment onwards (P < 0.01) ( Fig. 1B) . Nuclear opacity in the naphthalene-treated group (mean ± SE, 47.48 ± 2.81 at 9 weeks) was significantly higher than in the control group (mean ± SE, 30.4 ± 1.96 at 9 weeks) from 3 weeks after treatment onwards (P < 0.01) (Fig. 1C ).
SEPARATION OF CRYSTALLINS
α-and βL-Crystallins were isolated from the soluble protein fraction of rat lenses of 15 day-old rats and rats in the two Y Chen, L Yi, GQ Yan et al. Lens a-crystallins and chaperone activity experimental groups by gel filtration (Fig. 2) . SDS-PAGE demonstrated that βL-crystallin in 15 day-old rats was present in two major states: βL1, composed of one major polypeptide of nearly 27 kDa and one minor polypeptide of nearly 23 kDa; and βL2, composed of one major polypeptide of nearly 27 kDa and some minor polypeptides ranging in size from 20 -25 kDa (Fig. 2 inset).
IDENTIFICATION OF PROTEIN SPOTS ON 2-DE MAPS
Protein spots on 2-DE maps of α-crystallins were identified by MS analysis, and Fig. 3 shows the 2-DE silver-stained gel of α-crystallin proteins from rat lenses from the control and naphthalene groups. The major protein spots migrated at 19 -23 kDa, with isoelectric points (pI) between 5 and 8. These patterns of migration were consistent with the theoretical values for migration of αAcrystallin (19 779.9 Da, pI 5.78), alternative splicing product αAi-crystallin insert (22 433.1 Da, pI 6.35), and αB-crystallin (20 076.3 Da, pI 6.76) ( Fig. 3A and 3B) . When the intensity of the major spots was compared, the native spots αA1, αAi1, and αB1 were the most abundant, corresponding to other spots of αA-crystallin, αAi-crystallin insert, and αB-crystallin respectively, and their intensity differed little between the two groups. The intensity of αA2-and αA3crystallin increased markedly in the naphthalene-treated group compared with the control group. Two truncated proteins, T1 and T2, were present in the naphthalenetreated group, but were noticeably absent in the control group. These results suggest that the proteins underwent different PTMs in the naphthalene and control groups.
A representative MALDI-TOF-MS of peptides generated from protein spot αA2 on 2-DE gels was identified as intact αAcrystallin. A zoom scan of mass-to-charge ratios (m/z) 1631 -1647 included a peak at m/z 1641.95 that matched residues 158 -173, indicating that the C-terminal extension was intact (Fig. 4A) . Meanwhile, MALDI-TOF-MS of peptides from protein spot T1 was identified as C-terminal truncated αA-crystallin. A zoom scan of m/z 1631 -1647 lacked the peak at m/z 1641.91, indicating that the C-terminal extension of residues 158 -173 was truncated with a 16 amino acid loss (Fig. 4B) , and fragmentation of one peptide from residues 158 -173 of spot T2 was also found to be absent because of C-terminal truncation of 16 amino acids compared with spot αA4 (Figs 4C, 4D ). Other modifications such as N-terminal acetylation were identified in all spots (Fig.  5 ), and M1 oxidation was found in all αA and αB spots, other than αAi insert. Other oxidations such as M138 oxidation was found in most αA spots except αA1 and αA4, and M65, M68 and M153 oxidations were identified in all αAi insert spots. As for carbamylation modification, K11 and K145 carbamylations were identified in all αA Regarding αA spots, Thr4 phosphorylation was identified in most αA spots except αA1 and αA4; however, Thr55 phosphorylation was identified only in αA2 spots. With regard to αAi insert spots, Thr4 phosphorylation was identified in all Ai insert spots and Thr170 phosphorylation was found in most αAi insert spots except αAi1 insert spot. In addition, phosphorylation of Ser19 and Ser59 was identified in most αB spots other than in the αB1 spot. This result indicates that phosphorylation was slightly increased in the naphthalene-treated group and sequence coverage was generally high (Table 1) .
COMPARISON OF THE CHAPERONE ACTIVITY OF a-CRYSTALLINS
It was demonstrated that βL-crystallin without α-crystallins aggregated and precipitated most rapidly (P < 0.01) ( Fig. 6 ). Even though aggregation of βL-crystallin with α-crystallins in the naphthalene-treated group was significantly slower than for βLcrystallin without α-crystallins from 20 min after measurement (P < 0.01), it was significantly faster than for βL-crystallin with α-crystallins in the control group from 20 min after measurement (P < 0.01). This 
Discussion
The naphthalene-induced cataract is a type of rapidly progressing cataract. 6 Naphthalene cataractogenesis in rats is an animal model that is used to study the aetiology of age-related cataract in humans and is considered to be valuable because the morphology of naphthalene-induced cataract is reported to be similar to some kinds of age-related cataract, 6 and because the impairment mechanism mainly involves oxidative stress both in senile cataract and in naphthalene-induced cataract. 7, 8 In the present study, the early morphology of this cataract was subcapsular, which is similar to the human lens in old age. 6 Perinuclear opacity occurred by exposure to naphthalene from 3 weeks. Although, morphologically, this type of cataract is not common in age-related cataracts, it is common in hereditary cataracts. It is possible that the oxidative damage caused by naphthalene induces genetic changes in the rat lenses. 17 Even though no obvious morphological changes were observed in the nuclear area of the lenses by slit-lamp microscopy, in the present study, the intensity of light scatter was slightly increased in this area of the lens in the The production of 2-DE maps is an ideal method for identifying PTMs. Multiple spots at different pIs for the same protein are known as 'charge trains' and they result from PTMs that alter the intrinsic charge of the protein. From the distribution of the multiple protein spots of α-crystallins on 2-DE gels and subsequent MS analysis, it was found that α-crystallins were highly modified by exposure to naphthalene.
Two C-terminal truncations of 16 amino acids (T1 and T2) were identified in the naphthalene-treated group. Truncation was reported as a PTM by Thampi et al. 3 Flexibility of the C-terminal tail of αcrystallins, a feature shared by mammalian small heat-shock proteins, is essential for its chaperone and thermostability functions. 4, 18 In mammals, calpain 2-induced loss of 16 Cterminal amino acids can lead to proteolysis and cause profound decreases in the chaperone function of α-crystallins. 19, 20 Calpain 2 is the best characterized member of the calpain superfamily. 21 It is now generally accepted that calpain 2 plays a major role in rodent lens opacification, 21 -23 has been shown to induce cataractogenesis and to cleave crystallins in the lenses of a variety of animals, including mice and guinea pigs, 24, 25 monkeys and rabbits, 26 and cows. 27 The presence of calpain 2 in human lenses is generally accepted. 28 Demonstration of calpain 2 in human lenses suggests that calpain 2 could be involved in both lens maturation and cataract formation. 21,28 -30 As calpain 2 may play the same role in naphthalene-induced cataract and age-related cataract in humans, this suggests that the proteolysis of naphthalene-induced cataract is similar to that of age-related cataract in humans. The present study implies that, at a proteomics level, naphthalene-induced cataract has, at least to some extent, a similar proteolytic mechanism to that of age-related cataract.
The present study also showed that phosphorylation was slightly increased in the naphthalene-treated group. Phosphorylation can lead to migration of spots on 2-DE maps to a lower pI position, which could be one of the reasons for the generation of multiple spots at different pIs for the same α-crystallin protein on 2-DE maps. As the effects of phosphorylation have not been clearly elucidated, it is difficult to determine the significance of this finding for chaperone activity of α-crystallins. Different studies suggest that chaperone activity is decreased 31 or increased 32 upon phosphorylation, whereas others show little or no change. 33, 34 All α-crystallins in the present study were N-terminally acetylated. Despite its wide occurrence, the biological role of N-terminal acetylation remains obscure. It has been reported that the N-acetylated terminal methionine of α-crystallin can be oxidized to methionine sulphoxide in vivo. 35 Oxidation of the N-terminal methionine, which is exposed on the outside of the polypeptide, can negatively affect the function of the protein. 35 It was, therefore, surprising to find that most of the N-acetylated terminal methionines had undergone oxidation modification. As oxidation modifications can be generated during sample preparation, the results of this modification may not be reliable.
Some carbamylation modifications were also identified in the present study. Carbamylation is one of the posttranslational modifications that occurs in vivo due to the reaction of isocyanate with proteins. 36 Carbamylation of essential lysine residues can inhibit the normal functioning of other proteins. 37 For proteins at a physiological pH, carbamylation of lysine residues results in neutralization of the positive charge at an amino group, thereby altering the net charge of the protein. Such changes remove the potential for favourable ion-pair interactions that might enhance close packing of crystallins required for lens transparency. 38 More carbamylation in αBcrystallin was observed than in αA-crystallin in the present study; however, no difference was found between the naphthalene and control groups. Currently, the mechanisms involved in the different modifications between the α-crystallins still needs to be clarified. Moreover, since every type of modification has its own special characteristics, which need different MS analysis techniques, more detailed analysis should be carried out to study the various PTMs of α-crystallins.
As a molecular chaperone, α-crystallins protect βL-crystallin from thermal-induced aggregation and repair chemicallydenatured proteins. 4, 33 By measuring thermal-induced aggregation of βL-crystallin in the present study, the chaperone activity of α-crystallins was shown to be inhibited by naphthalene. C-terminal truncation may be the major mechanism for the decreased In conclusion, the present study provides the first evidence for PTM changes induced by naphthalene in rat lenses. Moreover, these results imply that, at a proteomics level, naphthalene-induced cataract is a valuable animal model for the study of agerelated human cataract formation. Further studies should be carried out to confirm these findings.
